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ANALYTICAL CHEMICAL KINETIC INVESTIGATION OF THE EFFECTS
OF OXYGEN, HYDROGEN, AND HYDROXYL RADICALS
ON HYDROGEN -AIR COMBUSTION

By George T. Carson, Jr.
Langley Research Center

SUMMARY

Quantitative values have been computed which show the effects of oxygen, hydrogen,
and hydroxyl radicals on the finite-rate chemical kinetics of premixed hydrogen and air
undergoing isobaric combustion., Mole fractions equal to 10-8, 10-3, and 10-4 of the
free radicals were considered to be initially present, either singly or in combination, in
homogeneous, hydrogen-air mixtures with equivalence ratios of 0.2, 0.6, 1.0, and 1.2,
Initial temperatures were 1100 K, 1200 K, and 1500 K and pressures were 0.5, 1.0, 2.0,
and 4,0 atm, A few other initial states were used when necessary to determine inter-
mediate trends. The investigation demonstrates that small amounts of radicals reduce
induction time, herein defined as the time to 5 percent of the temperature rise from the
initial mixture temperature to the calculated equilibrium temperature, Also, the study
shows that within the range of conditions investigated, hydroperoxyl (HOs) plays a sig-
nificant role in the early part of the ignition process; the inflection in its rate of forma-
tion can be used to define induction time, The reaction time, defined as time between
5 percent and 95 percent of the temperature rise, is not affected by the initial amounts of
free radicals. All of the radicals are more effective in reducing induction time at low
initial temperatures. For all mixtures and states, atomic oxygen is the most effective
radical of the radicals investigated, The results represent equilibrium chemistry,
finite -rate chemical kinetics, and curve-fitting computer programs over this range of
conditions. It is also implied that additives which yield free radicals can be used to
effect a compact combustor design or to permit operation in otherwise reaction-limited
regimes of initial pressures and temperatures,

INTRODUCTION

In support of the NASA Hypersonic Research Engine Project, discussed in refer -
ence 1, an analytical chemical kinetic investigation of the effects of free radicals on
hydrogen-air combustion was conducted. The most difficult problem areas in the design
of the hypersonic ramjet engines are associated with the combustion process, The flow



through the combustor is continuous and supersonic and is composed of mixing and of
burning fuel and air. The fuel injection and mixing parts of the processes are extremely
important, and in diffusion controlled combustion they control heat release. Where the
mixture of fuel and air at the beginning of the combustor is near the threshold tempera-
ture for autoignition, the combustion kinetics plays a major part in ignition. In order

to minimize the combustor length (thus lowering weight and overall heat transfer),
shortening the time for completion of the combustion reaction is eritically important,

The initial testing of supersonic combustion ramjet engines will be in ground-based
facilities., The high-temperature air required for simulation can be obtained by first
heating nitrogen and then mixing it with oxygen. Another method of producing a hot test
gas is to burn fuel in a high-pressure oxygen-rich airstream. The combustion process
in the burner, or "heater,” produces a hot-gas flow whose composition has the proper
percentage of oXygen to simulate air., The main difficulty with the latter method is that
the air ingested by the test engine contains combustion products, as well as unrecom-
bined free radicals; this may produce misleading test results,

The time for combustion (i.e., the total time associated with completion of the
chemistry of combustion) is usually divided into two parts: induction time and reaction
time. For induction time, investigators sometimes use a criterion based on reaching a
prescribed concentration level of some product species (ref. 2 uses the hydroxyl radical
at the level of 10-6 mole per liter), or one based on the rate of temperature rise due to
three-body radical recombination (ref. 3), or one based on experimentally measured
light emission or absorption (ref. 4), In the present paper, as in reference 5, induction
time is defined as the time to reach 5 percent of the equilibrium temperature rise, i.e.,
5 percent of the difference between the initial static temperature of the mixture and the
equilibrium temperature. The reaction time is the remainder of the time required to
achieve complete combustion. However, since the chemical process approaches com-
pletion asymptotically, the latter part of the heat release is lost in the exhaust of a
scramjet. Therefore, for the purpose of this paper, a finite limit for the reaction was
chosen to be 95 percent of the potential temperature rise. Reference 5 includes a lim-
ited comparison of the induction times of hydrogen-air mixtures with and without initial
amounts of the free radicals, oxygen (0), hydrogen (H), and hydroxyl (OH). It is shown
that the presence of initially small amounts of free radicals results in a significant
reduction of induction time. The present analysis was undertaken in an attempt to
improve the understanding of the significance of small amounts of contaminants in com-
bustible gaseous mixtures.

Only the chemical kinetics of a premixed one-dimensional stream of hydrogen and
air is considered here. Elimination of injection and mixing was considered a necessary
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simplification in order to achieve the objectives. The chemical kinetic analyses of
hydrogen-air combustion at constant pressure (diverging combustor) which are presented
show the effects of small amounts of atomic oxygen, atomic hydrogen, or hydroxyl radi-
cal on the induction and reaction times. The range of thermodynamic state points and
compositions included are typical of ramjet operation. The scope of the computer pro-
grams used in this analysis precluded the investigation of mixing length and local equiv-
alence ratio variance.

SYMBOLS
I number of chemicai species
i specific chemical species
i finite -rate reaction
k; reaction rate constant for reaction j
k,j reaction rate con_stant for reverse of reaction j
M; molecular mass of species 1
P static pressure (1 atm = 101 325 Pa)
R universal gas constant, 8.31434 J/mol-K
T static temperature, K
Ty | equilibrium temperature, K
Tm mean static temperature, %—(Tl + Ty}, K
Ty initial static temperature, K
t time, psec
Xe effective mole fraction of radical species



Moles of species i

X mole fraction of specific chemical species, Moles of mixture
Y; mass fraction of specific chemical species, Ml\jllz:sof) fsﬁiiitiiei
AT induction-time difference, 74 - 7, usec

AT/To relative reduction in induction time

g fractional temperature rise, (T - Tl)/(’l‘f - Tl)

T induction time of a mixture (time at which & = 0.05), usec

induction time of a mixture not containing initial quantities of free radicals
O, H, or OH, usec

reaction time (time to 08 = 0.95 less time to 6 = 0.05), usec

7,p1.641  reaction-time parameter, usec-(atm)1.641

Fuel-air ratio ]
Stoichiometric fuel-air ratio

¢ equivalence ratig,

ANALYSIS

In order to obtain numerical values used in this analysis, two different computer
programs were used. First, the equilibrium chemistry program (ref. 5) determines the
equilibrium temperature and composition for mixtures at given initial temperatures and
composition under igsobaric conditions. Second, the chemical kinetics program (also by
the authors of ref. 5) determines temperature and composition in mixtures reacting at
finite rates. An isobarie, premixed, one-dimensional adiabatic flow is assumed.

Four classes of gaseous mixtures were considered:

(1) Air: As a basic simplifying assumption, assume air to consist only of nitrogen
and oxygen; this seems justified since other gases are present only in small amounts and
the radicals to be investigated are not present. Reference 6 indicates that air contains
20.9472-percent oxygen and 79,0528 -percent nitrogen by volume. Also, since the molec-



ular weight of air is given as a constant to an altitude of 90 km in reference 6, the com-
position of air is assumed to be constant.

{2) Stoichiometric fuel-air mixture: A stoichiometric mixture of fuel and air is
one in which both reactants can react completely to form products, The stoichiometric
hydrogen-oxygen reaction is indicated by the equation

2H2 + 02 = 2H20

The oxygen-hydrogen ratio in a stoichiometric mixture is determined by the relationship

X3 M;
b

Y = T
Z XiMj
ii: 1
which gives
Yo

2 _ 7936507
YHZ

The nitrogen-oxygen mass-fraction ratio for air is similarly determined as

Y
?}2 = 3,3103448
09

From the definition of mass fraction it is known that

1
Z'Y1=YN2+Y02+YH2=1
i=1

The three unknown guantities can be found from the preceding three equations. The
formation of oxides of nitrogen below 3000 K for short residence times is assumed
negligible.

(3) Nonstoichiometric fuel-air mixtures: The mass fractions of nitrogen, oxygen,
and hydrogen for nonstoichiometric compositions are computed in a similar manner.
The difference is the inclusion of an equivalence ratioc ¢ which in this report is defined
as

b = (YHZ/ YOZ)
(YHZ/ YOZ) stoichiometric




An equivalence ratic of unity signifies stoichiometric proportions, less than unity implies
a fuel -lean mixture, and greater than unity implies a fuel-rich mixture. The composi-
tion of baseline mixtures in mass fractions is shown in table 1.

(4) Small amounts of initial free radicals: Finally, both stoichiometric and non-
stoichiometric mixtures were calculated that had small (typically, 10-6 to 10-4) mole
fractions of free radicals, O, H, and OH, initially present.

The chemical reactions and rate constants kj in this analysis are shown in
table 2, along with their sources {refs. 7 to 16). Although rate constants and third-body
efficiencies used in the chemical kinetics program may be easily changed, the reactions
themselves cannot be changed without reprograming. For the investigation this was not
considered to be a drawback because the relative effect of free radicals was of prime
importance. Since the effects of the free-radical reactions with hydrogen peroxide and
hydroperoxyl are small above 1100 K, they were not included in the analysis. At the
time of the preparation of the present paper, the authors of reference 16 experimentally
determined a new value of kyo; this new value is designated herein as kyga. The
- third-body efficiencies are given in reference 5. The value for reaction 8 is set at unity
in order to establish a baseline reacting mixture which does not depend upon water as a
third body.

The first parameter derived from the computational values was a fractional tem-
perature rise which was defined as
_T-Ty
Ty - Ty

This parameter expresses quantitatively the amount of reaction corresponding to a
change in the mixture temperature. In this investigation, as in reference 5, induction
time 7 is defined as the time at which # = 0.05 and the total reaction time is defined
by 6 = 0.95. Another parameter used is the relative reduction of induction time. It
has been given the symbol A7/7, and is defined as the ratio of the difference between
the induction time of a mixture with and without initial free radicals AT= T - 7o to the
induetion time without initial free radicals.

The computed values of the relative reduction of induction time and their relation-
ships with the prime parameters of this study are discussed in the following section.

-RESULTS AND DISCUSSION

Equilibrium Chemistry Computations

The results of the computations, as shown in figures 1 to 4, give equilibrium tem-
perature as a function of initial temperature along isobars for each of the equivalence



ratios. These curves are valid with or without initial amounts of free radicals up to
10-4 mole per male of mixture,

Finite-Rate Chemistry Computations

Temperature-time mapping. - Figures 5 to 8 map static temperature as a function

of time for a constant-pressure combustion process., Shown are lines of constant initial
temperature and fractional temperature rise. These figures demonstrate the impor-
tance of initial temperature, Below 1000 K the induction time becomes so great that the
fuel-air mixture cannot ignite during the residence time of about 250 psec. Figures 5,
6, 7, and 8 represent examples at which the static pressures p are 0.5, 1.0, 2.0,

and 4.0 atm, respectively; and comparison of the data of these figures shows that
increasing pressure decreases induction time. This seems to be generally true except
for low initial static temperature (i.e., near 1100 K} where increasing pressure has an
inhibiting effect, as is clearly depicted by figures 7 and 8, For T = 1100 K,
p=4.0atm, ¢ =1,0, and 6 = 0.5, ignition did not occur even beyond 1000 psec.

Table 3 is a presgentation of input values (qb, T, p, Xo» XHZ’ and XOH) and the
resulting induction times and related fractions (v, 7/74, and A7/7g). Since atomic
oxygen produced the most dramatic results, it was used for graphic presentation.

Figure 9 shows the effect a 10-4 mole fraction of atomic oxygen has on combustion.
In comparing this figure with figure 6, it is noted that the presence of initial radicals
has an aceeleration effect on combustion which is large for low initial temperature but
is negligible for high initial temperature. Because of the large range in magnitude of
the parameter, graphs subsequent to figure 9 are plotted on logarithmic scales.

Induction-time mapping.- Figures 10, 11, and 12 show the variation of induction

time with static pressure for families of initial temperature, equivalence ratio, and ini-
tial trace amount of radical, respectively. From figure 10 it is apparent that the effect
of initial temperature is large, For initial temperatures of 1200 K (and below) there are
definite minimum induction times. For 1500 K and above, no minimum occurs below

10 atm. According to reference 15 this is because reaction 9 inhibits the hydrogen-air
reaction at low temperature and high pressure. The effect of equivalence ratio is minor,
as may be observed from figure 11, The pronounced effect of small amounts (10-6, 10-5,
and 10-4) of initial atomic oxygen is shown in figure 12.

Time variation of species.- The variation of species mass {raction with time is

shown in figures 13 to 18. Figure 13 depicts a stoichiometric mixture of hydrogen and
air initially at 1100 K and without any initial radicals. The increase of products (radi-
cals and HgQ) is very rapid. Figure 14 shows the results of adding small amounts of
radicals and indicates that the formation of products begins much sooner when the radi-
cals are present, However, the rate of change of species mass fraction with time is



much less. The chemical-kinetics program shows that the reactions containing atomic
oxygen begin at a low temperature and, being initially of small magnitude, produce little
temperature rise to increase the reaction rates., Comparison of figures 13, 15, and 17
shows that, for increasing initial temperature (i.e., 1100, 1200, and 1500 K, respectively),
the products form sooner even though the rate of change is less; also, when the compar-
ison is expanded to include figures 14, 16, and 18, the product-forming action of atomic
oxygen becomes less pronounced as the initial temperature is increased, In fig-

ures 14(a), 16(a), and 18(a), which cover the first part of the reaction only, it is observed
that the amount of atomic oxygen actually decreases at first. This pheonmenon is appar-
ently because of reaction 7 which results in removal of atomic oxygen and hydrogen,
Figures 13(a), 15(a), and 17(a) show that all products monotonically increase for mix-
tures which do not contain initial atomic oxygen.

Hydroperoxyl relation to induction time, - It was observed that the peak of hydro-
peroxyl formation occurred near the selected induction time criterion of 8 = 0.05. This

trend was investigated for cases which have large induction times, i.e., low initial tem-
perature and high pressure. Figures 19 and 20 show that this trend holds. Therefore,
it appears that the peak of hydroperoxyl formation is a good indicator for finding the
induction time. For the range of temperature and pressure investigated, the two equa-
tions shown in table 2 involving hydroperoxyl appear to be sufficient.

Figure 21 shows the relationship between induction time and static pressure as
calculated with and without the formation of hydroperoxyl. It is evident from the figure
that computations which do not include hydroperoxyl give increasingly erroneous results
as the static pressure increases. According to reference 17, HO, is formed in chain-
breaking reactions, i.e., reactions which remove radicals from the mixture, thereby
inhibiting product formation.

Relative reduction in induction time. - Figures 22 to 25 illustrate the relative

reduction in induction time as a function of mole fraction of initial radical at pressures
of 0.5, 1.0, 2.0, and 4.0 atm. These figures show that the effectiveness of O, H, and OH
radicals in reducing induction time is inversely related to initial temperature and tends
to level out as mole fraction increases. Atomic oxygen is consistently more effective
than atomic hydrogen and hydroxyl. Pressure has an effect on the relative reduction in
induction time, but it is not consistent, The omission from figure 25 of a relationship
for the initial temperature of 1100 K is due to the fact that the induction time for these
state conditions is excessive, i.e., beyond 400 psee, as may be seen in figure 8, There-
fore, AT/T5 was not calculated,

The peculiar relation between A7/7, and pressure at various atomic oxygen mole
fractions is presented in figure 26. Although the trends show some measure of depend -
ence, the effect of pressure is minor below 2.0 atm. At 4.0 atm the effect is pronounced.

8



For values of X larger than 0.3 X 10‘5, pressure reduces induction time; for Xg
less than 0.3 X 10 75, pressure inereases induction time. This phenomenon is presumed
~ to be caused by third-body reactions whieh involve atomic oxygen, When the initial
amount of this radical is present in sufficent quantity, it interacts with other species and
thereby enhances reaction. However, when the quantity of atomic oxygen is very small,
the pressure dependent reaction 6 becomes predominant and inhibits the reaction,

The next parametric investigation was the effect of ¢ on A7/7o fora family
of values of Xo- The results are displayed at two pressures, 1.0 and 4.0 atm, in fig-
ures 27 and 28, respectively. The variation of A7/7o with ¢ is not particularly
remarkable: this is as expected, since even at stoichiometric proportions the mass frac-
tion of Hy is much less than for Ny or Og. In figures 27 and 28 it is noted that the curve
for Xg = 10-6 does show an inverse relationship of A7/7, with &.

-The variation of AT/7y with T for a family of Xg is depicted by figure 29,
As is roughly indicated in figures 5to 9, AT/Tg is inversely proportional to Ty, also,
from figure 12 and figures 22 to 26, it can be seen that increasing values of Xg cor-
respond to increasing values of AT/7,. An attempt was made to determine a parametric
expression from the information generated by the computations, The plan was to find
coefficients of X, Xp, and Xgg which would correlate the curves of A7T/7q ver-
sus radical species mole fraction into a single line for each T;. Next would be corre-
lation of initial temperatures by finding the required function of Ty. Finally, the effects
of p and ¢ would ke included,

An abscissa transformation performed for the curves for Xy and Xgg relative
to the curve for X on each of figures 22 to 25; it was determined that H and OH were
approximately 60 percent as effective as O in increasing A7/7,. Therefore, an effec-
tive mole fraction was defined as

Xe = XO + OB(XH + XOH)

Since the 60-percent approximate effectiveness appeared valid for 0.5, 1,0, and 2,0 atm,
the effects of pressure were considered masked. It should be noted that the 60-percent
value applies to the set of rate constants used.

Merging of the initial temperature family of curves into a single expression was
not successful, although curves expressing AT/7, versus X, were found for the
intermediate values of Tq = 1300 K and 1400 K by linear interpolation between
Ty = 1200 K and 1500 K, Figure 30 shows a family of Ty curves, including the inter-
polated ones of 1300 K and 1400 K, '

It is noted that the lack of accuracy of rate constants and third-body efficiencies
form a limit to the accuracy of this analysis. As new experimental values are deter-



mined, they may easily be substituted into the program, For example, the rate constants
for reactions 2 and 3 were changed and are listed in table 2 as kgp and kgp. Consi-
der two mixtures at an initial temperature of 1200 K, a pressure of 1 atm, and an equiv-
alence ratio of unity, one mixture without initial free radicals and one mixture with an
initial mole fraction of 10-4 of atomic oxygen. The rate constant kga gave induction
times of 38 psec and 14,5 psec for the two mixtures, respectively, and the rate constant
kg a gave induction times of 41.86 usec and 16,1 psec for the two mixtures, respec-
tively, compared with the values of 40.4 usec and 15,32 usec obtained using kg and

k3. Also, the relative reductions in induction time for ks and kg were found to

be 0.618 and 0.615, respectively, compared with 0,621 using kg and kg.

Before this investigation was completed, an updated experimental value for the
rate of the twelfth reaction (H2 +Og9=OH + OH) became available from reference 16.
The newer one (designated 12A) was used in the computation of induction time. Figure 31
is a comparison of induction time relative to initial femperature for computations using
k19 and kyga. The use of kjga reduces induction time, but only very slightly.

In order to compare the criteria for the induction time of references 2 and 5, the

concentration of hydroxyl radical was calculated for two mixtures. Both mixtures had
"an initial temperature of 1200 K, pressure of 1 atm, and an equivalence ratio of unity.
However, one mixture initially contained 10-4 mole fraction of atomie oxygen. When the
mixtures had experienced 5 percent of the equilibrium temperature rise (ref, 5), the
hydroxyl concentration was found to be 1.4 X 10-5 mole per liter and 1.8 X 10-° mole per
liter for the mixtures without and with initial atomic oxygen, respectively. This was
believed to be a reasonable agreement with the criterion of reference 2. Also, the cri-
teria for references 3 and 5 were compared. Using the same mixtures as bhefore, it was
found that maximum atomic hydrogen concentration, i.e., before beginning of third-body
recombination (ref. 3}, occurred at 48 psec and 23 psec for the mixtures without and
with atomic oxygen, respectively. This compared fairly well with 40.4 usec and

15.32 usec for the induction time as defined by the criterion of reference 5 and used in
the present paper.

Reaction time, - The final portion of this investigation considered the effects of

trace amounts of O, H, and OH radicals on reaction time. The reaction time was found
to be unaffected. Figure 32 is a map of reaction time as a function of the reciprocal of
mean temperature for intersecting families of pressure and initial temperature. The
mean temperature was used in order to obtain a direct comparison to reference 5 as
shown in the figure. Reference 5 indicated a correlation given by

log 7,p1-6 = 3480 , g 040
Tm

10



Several of the rate constants are different from those used in reference 5, and the
third-body efiiciency of reaction 8 is four times as great. The value of third-body effi-
ciency did not affect the induction time but was inversely related to the total time,
thereby changing the reaction time. Thus, the accuracy of the analysis is limited by the
accuracy of the rate constants and the third-body efficiencies. The missing regions of
the graph represent those low initial temperature, high pressure regimes for which the
induction times were too large to be calculated. The parallelism of the isobars on the
small semilogarithmic plot suggested that they could be condensed to a single curve.
The curve obtained by correlation was of the form

log Trp1'641 = 2T_871 + 0.47
m

which plots coincident with the curve p = 1.0 atm and the ordinate expressed as
'rrp1-541, usec-(atm)lﬁﬂ, '

A more convenient independent variable for reaction time is initial temperature,
This relationship is shown by figure 33. Also shown in this figure is a comparison {rom
reference 18, The correlation given by reference 18 is

T
r.= 109p1.7e1.12 21
r P 1000

which can also be expressed as

log 7yp1-7 = ~0.0004486T1 + 2.021

This eorrelation determined in the present analysis was

log 7,pl-641 = _0.000415T + 2.427

CONCLUDING REMARKS

Quantitative analytical resulis have been computed which show that small amounts
_of atomic oxygen, atomic hydrogen, and hydroxyl radicals reduce induction time of
hydrogen-air mixtures undergoing autoignition.

The peak of the reaction chain-breaking species, hydroperoxyl, is especially defin-
itive and seems to be a logical criterion for defining induction time. For mixtures either
containing or not containing initial free radicals, the peak of hydroperoxyl occurs con-
sistently near the time of 5-percent fractional temperature rise.

Relative reduction in induction time is found to be a convenient index to measure
the comparative effectiveness of the different initial free radicals, as well as their con-
centration, Atomic oxygen was consistently more effective than atomic hydrogen or

11



hydroxyl. On the average, both atomic hydrogen and hydroxyl were found to be 60 per-
cent as effective as atomic oxygen,

The equilibrium temperature was not affected by the presence of small amounts of
radicals., Evidently, this was due to the fact that the initial and equilibrium composition
and enthalpy values were not significantly changed,

The addition of small amounts of radicals to the initial reacting gases did not
affect the reaction time (the time between 5 and 95 percent of the equilibrium
temperature).

The accuracy of this analysis was limited by the accuracy of available reaction-

rate constants and third-body efficiencies. Both of these quantities are easily changed
in the chemical kinetics computer program that was used.

Langley Research Center,

National Aeronautics and Space Administration,
Hampton, Va., September 19, 1974,
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TABLE 1.- COMPOSITION OF BASELINE MIXTURES
IN MASS FRACTIONS

¢ INg Y0, VH,
0 0.768 0.232 0
2 1635343 230651 0058124
6 1547621 .2280011 0172367
1.0 7462104 2254107 0284017
1.2 7419728 2241376 0338896
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TABLE 2.- REACTION RATE CONSTANTS

Reaction

Reaction rate constant

fa)

——

ZA

3A

10

11

12

124

ky
OH+HZ§=1H20+H

k
B0y 2 0H <0
-2

'e
H+Ozﬁ' O+ O
k_ap

kg
O+ Hy == OH+ W
k

kag

O+Hz§—3‘A0H+H

kg
OH+DHE:; B30 + 0

ks
H+H+Moi— Hy +M
kg

kg
O+r0+ M09+ M
- k_g

kg
0+H+ME__70H+M

kg
H+0OH + M — Hy0+M
Ky

I
M+ Op+ Mo HOp+ M
kg

kg
HOZ + HZ F—— H202 +H
k_10

51

HoOGo + M = GH+ OH + M

kg
kig

H2+02];_';". OH + OH

LIET
H2+02]:1;A0H+0H
-1

ky = 2.3 % 1013 exp(-5200/RT)

ko = 9.9 % 1612 exp{-15 020/RT)
Koy = 2.24 % 101% exp(-16 800/RT)
kg = 7.5% 1019 exp(-11 100/RT)
kqg = 43501073 exp(_lo 300/RT)
kg = 1.55 x 1012 oxp(1000/8T)

kg pp 8.5632 % 10117045 gxp(11 590 /RT)
Kg,0, = B2 1ptbp-1.22

kg y = 6.0 % 1014

kg, = 4.5 % 10817-1.5

kg Ay = 20% 1018 exp(a70/RTY

kg = 9.6 % 1012 exp(-24 006/RT)

ky1,ng = 1.7 % 1017 exp(-46 300/RT}

kyg = 1,05 % 101% axp(.48 030/RT)

kyga = 1.70 ¥ 1013 axp(-48 150/RT)

Source

Dixon-Lewis, Wiison, and Wéstenberg‘(rei. T
Jachimowski and Houghton (ref, 8)

{ref. 9}

Jachimowski and Houghton {ref. 8)

Wong and Potter (ref. 10}

Dixon-Lewia, Wilson, and Westenberg (ref, 7)

Myerson, Watt, and Joseph {ref. 11)

Kiefer and Lutz {ref, 12)

Kaskan and Browne (ref. 13)

Kaskan and Browne {ref, 13}

Guiman, Hardwidge, Doughert, and Lutz (ref. 14)
{ref. 9)

Paldwin and Bratton (ref, 15)

Jachimowski and Houghton (preliminary to ref, 18) |

Jachimowski and Houghton [ref, 18)
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AAll reactions have units of em3/mol-sec except reactionsa 5 te 8, 10, and 12 which have uniis of cms,/molz-sec; activation energies
are expresded in units of cal/mol (1 cai/mol = 4,184 J/mol).
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TABLE 3.- INDUCTION-TIME FUNCTIONS

¢ Ty p Xo Xg Xon T /T | AT/To
0.2 | 1100 | 1.0 0 0 0 99.92 | 1.000 | 0.000
10-6 0 0 60.80 | .608 .392
0 10-6 0 63.37 .634 .366
0 0 10-6 | 63.91 640 | .360
105 | o0 0 44,14 | .442 .558
0 10-3 | © 46,72 468 .532
0 0 10-5 47.26 473 5217
10-4 0 0 27.64 277 723
0 10-4 0 30.66 | .307 .693
0 0 10-4 30.75 .308 692
0.2 | 1200 | 1.0 0 0 0 49,46 | 1.000 | 0.000
10-6 0 0 33.94 .686 .314
0 10-8 0 34.80 704 .296
0 0 10-6 35.22 112 .288
10-5 0 0 25.64 | .518 .482
0 10-5 0 26.48 .535 465
0 -0 10-9 26.86 .543 457
10-4 0 0 17.30 .350 .650
0 10-4 0 18.1% .367 .633
0 0 10-4 18.56 .375 625
10-2 | 10-9 0 23.50 475 .525
1079 0 10-9 23.70 .479 521
0 10-° | 10-5 24,18 .488 .511
10-5 | 10-5 | 10-5 22.34 .452 ;548
10-5 0 10-6 25.38 .513 .487
0.2 | 1200 | 4.0 0 0 0 31.73 | 1.000 | 0.000
10-6 0 0 21,18 668 .332
0 10-6 0 22,90 7122 .278
0 0 10-6 22.94 122 277
10-9 0 0 13,99 441 ,559
0 10-5 0 15.63 .492 .508
0 0 10-5 15,90 .501 .499
10-4 0 0 7.09 .223 Nk
0 10-4 0 8.62 .272 728
0 0 10-4 8.70 .274 726
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TABLE 3, - INDUCTION-TIME FUNCTIONS — Continued

¢ T1 P XO XH XOH T T/To AT/T,
0.2 | 1500 { 1.0 0 0 0 16.90 | 1.000 | 0.000
10-6 0 0 14.62 .865 .135
0 10-6 0 14.64 .066 .154
0 0 10-8 14.98 .836 114
10-9 0 0 11.87 .702 .298
0 107% | o 11.94 707 .293
0 0 10-5 12.25 125 275
104 0 0 8.81 .521 AT9
0 10-4 0 8.94 .530 471
0 0 10-4 9,26 ,548 452
0.6 | 1100 | 1.0 0 0 0 86.50 | 1.000 | 0,000
10-8 0 0 55.58 643 .357
0 10-6 0 58.85 ,680 .320
0 0 10-6 59.10 .683 .317
10-9 0 0 40.61 464 .531
0 10-5 0 44,25 .512 .488
0 0 10-5 44.49 .514 .486
10-4 0 0 26.16 .302 .698
0 10-4 0 29,28 .338 .662
0 0 10-4 29.92 .346 .654
0.6 | 1200 | 0.5 0 0 0 74.25 | 1.000 | 0.000
10-6 | o 0 53.90 | .726 | 274
0 10-6 0 55.95 154 .246
0 0 10-6 56.44 760 .240
1079 | o 0 41,86 564 .436
0 10-9 0 44.27 .596 404
0 0 10-5 44,62 .601 .399
10-4 0 0 29,91 .309 .597
0 1074 | o 32.19 434 .566
0 0 10-4 32.66 .440 .560
0.6 | 1200 | 1.0 0 0 0 40,15 | 1.000 | 0.000
106 | o 0 28.81 718 .282
0 10-6 0 30,10 750 .250
0 0 10-6 30.35 760 .244




TABLE 3.- INDUCTION-TIME FUNCTIONS — Continued

Ty p X0 Xg | Xon T /7o | AT/Tg
1200 | 1.0 | 10-9 0 0 22,00 | 0.547 | 0.452
0 10-5 0 23,42 .583 417

0 0 10-9 23.62 .588 412

10-4 0o | 0 15.20 .379 621

0 10-4 0 16.46 410 .590

0 0 10-4 16.75 417 .583

10-5 | 10-5 | 10-5 19.64 .489 511

1200 | 40 | © 0 0 34.30 | 1.000 | 0.000
10-6 0 0 25.00 729 271

0 10-6 0 27.91 .814 .186

10-5 0 0 16.14 471 .529

0 10-9 0 18.74 .546 454

10-4 0 0 8.24 .240 760

0 10-4 0 10.20 .297 703

1500 | 1,0 0 | O 0 12.08 | 1.000 | 0.000
10-6 0 0 10.74 .889 111

0 10-8 | 0 11.10 | .919 .081

0 0 10-6 11,10 .919 .081

10-9 0 0 8.64 716 .284

0 10-9 0 9.10 754 .246

0 0 10-5 9.21 | .763 .237

10-4 0 0 6.60 .547 453

0 10-4 0 6.83 .566 434

0 )} 10-4 7.20 .596 ,404

1100 | 0.5 | © 0 0 139.45 | 1,000 | 0.000
10-6 0 0 92,31 | .662 .338

0 10-6 0 91.56 700 .300

0 0 10-6 97.85 102 .298

10-5 0 0 70.18 .503 .497

0 10-5 0 75.57 542 .458

0 0 10-5 75.86 .544 456

10-4 0 0 48.03 .344 .656

0 10-%4 | o 53.20 | .381 618

| o 0 10-4 53.55 .384 616
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TABLE 3, - INDUCTION-TIME FUNCTIONS - Continued

b Ty p Xo Xy XoH T T/To | AT/Tq
1.0 | 1100 | 0.5 | 10-5 | 10-5 0 65.75 | 0.471 | 0.529
10-5 0 10-5 65.80 473 528
0 10-5 | 10-% 68.75 .493 507
10-5 | 10-% | 10-5 62.92 451 .549
10-5 0 10-6 69.60 ,499 .501
10-7 0 0 113.92 .814 .183
10-3 0 0 26.50 2190 .810
1.0 | 1100 | 1.0 0 0 0 92.30 | 1.000 | 0.000
10-6 0 0 60.00 .650 .350
0 10-6 0 64.20 .696 .304
0 0 10-6 64.29 .697 .303
10-5 0 0 44.00 477 .523
0 10-5 0 48,43 .525 475
0 0 10-5 48,25 .523 477
10-4 0 0 28,13 .305 .695
0 10-4 0 32,50 .352 648
0 0 10-4 32.33 .350 650
10-5 | 10-5 0 41,10 ,445 .555
10-5 0 10-5 41,20 .446 .554
0 10-5 | 10-5 43,70 473 .527
10-5 0 10-6 43.66 473 .525
10-7 0 0 75.68 .820 .180
10-3 0 0 13.55 .147 .853
1.0 | 1100 | 2.0 0 0 0 206.85 ¢ 1.000 | 0,000
10-6 0 0 134,00 648 .352
0 10-6 0 151,00 730 .270
0 0 10-6 | 151.08 .730 .270
10-5 0 0 75.90 .367 .633
0 10-5 0 92.55 447 .553
0 0 10-5 92.32 (447 ,554
10-4 0 0 31.60 .153 847
0 10-4 0 42.48 .205 795
0 0 10-4 42.35 ,205 795
10-5 | 10-5 0 66.52 .322 678
105 o 10-° |  66.55 .322 678




TABLE 3, - INDUCTION-TIME FUNCTIONS -~ Continued

¢ | Ty p Xo | Xm | XoH T /7o | AT/74
1.0 | 1200 | 0.5 0 0 0 74.45 | 1,000 | 0.000
10-6 0 0 5457 733 .267
0 10-6 0 57.17 | .768 .232
0 0 10-6 57.94 178 .222
10-° 0 0 42.05 .564 .435
0 10-° 0 45.16 .607 .393
0 0 10-% | 45.38 610 .390
10-4 0 0 30.15 405 .595
0 10-4 0 32.94 442 .558
0 0 10-4 33.12 | .445 .555
10-9 | 10-9 0 39.93 .536 464
10°% | o0 1079 39.98 .537 463
0 10-% | 10-9 41.56 558 ,442
10-5 | 10-5 ¢ 10-5 38.30 .514 .486
10-5 0 10-6 42.11 .566 .434
10-7 0 0 65.70 .882 .118
10-3 0 0 18.20 .244 756
1.0 | 1200 | 1.0 0 0 0 40,40 | 1.000 | 0.000
106 o 0 29.70 135 ,265
0 10-6 0 31.22 173 .227
0 0 10-6 31.30 75 .225
10-9 0 0 22.25 551 .449
0 10-3 0 24.30 .601 .399
0 0 109 24,25 .601 400
10-4 0 0 15.32 .379 .621
0 10-4 0 17.32 .429 571
0 0 10-4 17.45 .432 .568
10-5 | 10-5 0 20.95 519 481
10-5 0 10-5 21,03 .521 479
0 10-5 | 10-5 22.34 .553 .447
10-° | 10-5 | 10-5 20.25 .501 .499
10-5 0 10-6 22.34 .563 .447
10-7 0 0 36.07 .893 .107
10-3 0 0 8.56 212 788
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TABLE 3.- INDUCTION-TIME FUNCTIONS - Continued

¢ Ty P Xo | X | XoH 7 T/To | AT/T
1.0 | 1200 | 2.0 0 0 0 26.75 | 1.000 | 0,000
10-6 0 0 19.32 722 ,278
0 10-6 0 20.50 .766 .234
0 0 10-6 20.60 770 .231
10-5 0 0 14,25 .533 4867
0 10-9° 0 15.52 .580 419
0 0 109 15.56 .582 418
10-4 0 0 9,16 .342 .658
0 10-4 0 10.48 .392 608
0 0 10-4 10.49 .392 .608
10-5 | 10-5 0 13.24 495 .505
10-9 0 10-5 13.02 487 .513
0 10-5 | 10-5 13.20 .493 .5017
10-5 | 10-5 } 10-5 12.57 L4170 .530
10-5 0 10-6 13.30 L4907 .502
1.0 | 1200 | 4.0 0 0 0 52.84 | 1.000 | 0.000
10-6 0 0 40.33 763 .237
0 10-6 0 44,31 .839 .181
0 0 10-6 44,27 .838 .162
10-9 0 0 24,57 465 .535
0 10-9 0 29,10 .551 .449
0 0 10-5 29.35 555 .445
10-4 0 0 10.15 .192 .808
0 10-4 0 14.15 .268 732
0 0 10-4 14.15 .268 132
1070 | 1072 | o 22.39 424 576
10-9 0 10-5 21,72 411 ,589
0 10-9 | 10-5 24,37 461 .539
10-5 | 10-5 | 10-5 19.85 .376 624
10-5 0 10-6 24.17 457 .543
1.0 | 1500 | 0.5 0 0 0 23.30 | 1,000 | 0.000
10-6 0 0 21.18 ,909 .091
0 10-6 0 21.71 ,932 .068
0 0 10-6 21.83 .937 .063
10-5 0 0 17.42 748 .252
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TABLE 3.- INDUCTION-TIME FUNCTIONS - Continued

o} Tq p Xo X Xon T /To AT/Tq
1.0 | 1500 | 0.5 0 10-5 0 18.18 | 0,780 | 0.220
0 0 10-9 18.38 789 .211

10-4 0 0 13.10 ,562 438

0 10-4 | o 13.95 | .599 401

0 0 0 14,11 .606 .394

10-5 | 10-5 | 10-4 15.30 657 .343

10-3 | 0 10-% | 16.56 11 .289

0 10-5 | 10-9 17.02° | 730 .269

10-5 | 10-5 | 10-5 15.94 .684 .316

109 | o 10-6 17.33 744 256

10-7 0 0 22."76 977 1 .023

10-3 0 0 7.85 .337 663

1.0 | 1500 { 1,0 | © 0 0 11.63 | 1,000 | 0.000
106 | o 0 10,50 | .903 .097

0 10-6 0 10.72 .921 .078

0 0 10-6 10.77 .925 .074

10-9 0 0 8.50 .731 .268

0 105 | o 8,92 | .7686 .233

0 0 10-5 9,00 773 .226

10-4 0 0 6.32 ,543 .457

0 1wt o 6.714 | 579 420

0 0 10-4 6.83 .5817 413

10-% | 10-5 0 8.04 .691 .308

10-9 0 10-9 8.09 .695 .305

0 10-9 | 10-5 8.33 7115 ,284

10-5 | 10-5 | 10-5 7.15 .666 .333

107° | 0 10-6 8,46 127 272

10-1T [ 0 0 11.41 .981 019

103 ] o 0 4.06 .349 651

1,0 | 1500 | 2.0 ; © 0 0 5.85 | 1.000 | 0,000
' 10-6 0 0. 5.30 .906 ,094

0 10-6 | o 541 | .920 .080

0 0 10-6 5.41 .920 .080

10-3 | 0 0 4,19 | .716 284

0 10-5 0 4.46 762 ,238
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TABLE 3.- INDUCTION-TIME FUNCTION - Concluded

¢ | Ty P Xo | *u | XoH T T/To | AT/Tg
1.0 | 1500 | 2.0 0 0 10-5 4.51 | 0.771 | 0.229
104 0 0 3.08 .513 .487
0 104 | o 3.39 | .579 421
0 0 10-4 3.35 573 427
10-9 | 10-8 0 3.84 .656 .344
10-5 0 10-9 4.04 .691 .309
0 10-% | 10-5 4.11 703 .297
10-% | 10-% | 10-9 4.00 .684 .316
10-5 0 10-6 4,20 718 .282
1.0 | 1500 | 4.0 0 0 0 3.10 | 1.000 | 0.000
10 -6 0 0 2.78 .896 .104
0 10-6 0 2.86 .923 077
0 0 10-6 2.88 .928 072
10-5 0 0 2.21 713 .275
0 10-9 0 2.30 141 .259
0 0 1073 2.37 | .765 .240
104 | o 0 1.56 .504 .498
0 10-4 0 1.70 549 .451
0 0 10-4 1.72 .556 444
10-5 | 10-5 0 2.12 .683 317
10-5 0 10-5 2,14 .690 .310
0 10- 10-2 .80 .258 742
10-% ! 10-5 | 10-5 .70 .226 174
1.2 | 1200 | 1.0 0 0 0 41,72 | 1.000 | 0.000
10-6 0 0 30,64 734 .266
0 10-6 0 32,21 772 .228
0 0 10-6 32,31 774 .226
10-5 0 0 33.32 557 .443
0 10-5 0 25.04 .600 .400
0 0 10-° 25.00 .599 .401
104! o 0 15.94 382 .618
0 10-4 0 17.64 .423 577
0 0 10-4 | 1770 | 424 .576
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80 120 160 200 240 280 320 360 400

40

u ‘L maﬂaugﬂou MBS

I AR o Ol . ) T P I ,

e e e L T T 1
e e e B T

AR ” . - 11 | [ 1= _ H‘H( [ I

e e b e R e e e e

||_il BE W 4(1 : T * T : ; : _ I 1
: ! i | i : I I i :

I A | NI A N N m N =}

RS IR RaRReREE B e e n A aa Rasa Eua AR R aE aE amans
N W i 1 1 e | [l N I %_[‘mllf HENEEEN
i I _ | , _ _, _

| 7 T R [

B aameasaes RESEReeaE==egm %wrﬁl ,

1 m T ] __ m, i |, “, (11 . |
; I , : i

e _ e _ NS EunEE
SEEEEE ,‘ R RS mo s mEAnE
RN R 1 . | 1| | 1
| i 1 = ! ] :
m T | R N I ]
R R e P
Shimn S EEEEEEENn -
| ] N i 1
[ - —H - — _ N A R ,
l 1 EEEEN - T e N 0 T
N | [ , N O I S Y~ , NRNE
_ — o 8 P
(1t 11 I 1 o I T -t ﬁl | ] 1 I
T [ : ] I i [T
ST _ EEEEE | T o T A : ,
- S e
IVI 1 i e S o WL I T
, i g . T S m =
= ! i | ‘ | i

e Ty RN o oF R
I 1 “ T . ! I
, RRRm L | N W

— ,_ T i 1T S N T Buui

B T i | 1 !

En [ T LTllﬂ T — i ] i i I
i 1 : : b i i : i i

. [ | " : [ [ [T I i [T
: VR ! T [ T 1 : BEE —i ]

M M T M __Z_K\ __ - W J:i
: w L[ H o - M T N , ! »Wﬁr" 1

B S AR i I 0 I Y O T G Y O e
SERR B Bassaz=cl- gy e e B e
R o ™ 854*?17 i | T ]

=S B e e i s~ M warm L w A R
i . il H

SRl o O e o e 5 A B i e
I = e T [ i N — T
o - n o “ ST ! ! TJ... 1“ T e L T i

oo = = i N _ Y A

Sogr ! “ ! T o b e e e ]
o |K ; WK T T i T i T , i L]
" e T8 e T M T M m 8 e e e
o " asd R e T8 T S 1 L1 A e e RN

A = T Rl oo e £ s L e e ot i R

20 T e T i P _ ; :
_ Pg- et S G i I e [ S B S
T = S0 o s R i S0 , ot O

e , 1] de T .~ g , j
_ "~ Hh 1] 1 ]y 1 T b= T~ T [ : A
o - o bl e I o T I A AT DO [N NEEEEEE
Q. i Py o 1 ! [ W
© -k T ATY | iz o @ 1 | :
NN o e e e e
"l v, ] Yy R R T “ EEEE R
— , P o NN (T4 N Y I Nl i , , ]
£ , ., 1 1 N 11T

i : 4 ] ] + —f :

T S T I N A peaaae
H‘i\l /_r ,T.tlil _l. " 7 W 1 . - -
I i Lai ; 1T . 1 T
W W J_Wu.u.llef .T\,W e ma C I i R

i , I — - -
=) = <

8 3 3 3 3 3 =3

] = - =) @ & @©

o 1 P & —_ -

psec

Time, t,

Figure 7.- Isobaric combustion température variation with time for p=2.0 atm and ¢ = 1,0,

31



L4
400

3200

T I
1
H T R - T
T _ , L] ﬁ N [ 1 ]| ! ! d ‘, IR B
1 [l 1 -
" I I i s N I ]
5 o EAEmaATEEERCAISLAN ! SeEEEmE [
{ T I : - : ™
e _ R
j RN 1]
| . i H .
T j 0
] — ] ]
S T Eafee:
11 N EEN : 1 | |
i B SaNEmaemtmseagan : S
" i : | : ]
T R [ T 1
EEILACEAmEE eeesEsSRENMAINEs T
| '
i ! | . T
T ,_ BRI , I Bu ; —+
[ ﬂ__ “ li\_IWT, i _ . T T ]
" I
AN R nn ; g R Hg
| i N :
“I 1 I ,"_ | " ,ﬁ [T i [ «
o e e e e EESEscEmSmnady
EmmE W_ iﬁ|_ “ [ n i - ﬁ W M .THJ
T I [N
I | | r 1 i i ) , I | [~ _,
e O R 0 o O e T -
T I T A, I — m
] T T T T
e T ]
: , ! :
; 1 1 3 A ! T —] - — ]
:ﬂ ] “ i “ | 1 ﬁ__ !I« : _," _ I
I | ] ' : | | | ] [
oo ] T T ARE S RNREEEEEE
H H i | | . V-
: I e _ I Ium _,ﬁ!_LTlllwwll.-lljl-- =
SERENE T ! i waa s nu wu AR A s b
” = s SR
i ) ]
i I [ , [~ T ST 2w T T
DR T , , I Tﬁi_mw”e : 12,_ T
I T N R/ S
“ i _4.,“ %ﬂ“,j WWK‘T__‘H_.\_,« Baany
T T ] o 1= = - 2
- T T — - — , — i
ST T S Y A P =0
] o R 1 OO HHﬁ_ e
e I i LI ! T e ;
g T T ' I J_i.\le\Hﬁ = =
“ T : — _Ll.KﬁLfiI_. RS -4.%.0 t ;
; ,_lKuxirl\H,K B L P _ N — |I_L_, q ST o W o PN
L — N ' 1 i | !
8 2 T S e PN “ =
- S - 1 s e e e~ S SNV Mo B 0
S N o O o e T I N
SO R TR L e
|. 1" |.|._ by - _ S BE 0 j- = — u ”L_\_ H !
L - T - T i 1.»5.(7 _ -
fﬁ - i TL,O-,w_\‘
e s
—,TK\\%DI!K : !
[a e T P -
tw.llw. 1 o | Y
ro B T J
B=SEN Lo IT- ;
EEBRNEEE H
S IR e S (= D o T !
N I :..T“ [EORU LR S S
.l_L‘ B - [ - T
EEHEND] e
ST a1
PRt = |
<
=
o3
—

2800

9 1 sanyeredway OBl

40 atm and ¢ = 1,0,

Time, t, jpisec

Figure 8.- Isobaric combustion temperature variation with time for p



400

p: |

‘1, ‘sinyeaadumial o1yeis

N I i 1 IlT.l_ I 1 =11 I
' i T I | | ! 1 |
HEREENR : 1 - 1 ruTlﬁ I . ] “ LW_J B
ERSAERENAR AR SR ERuuE) EnluEa R SN N N N A
i f
! ! | - | I S | 1]
AEEAWE | T e e
L ' . ©
LIIEE ,ﬁ . ] : | ! | 1 . T ,. ﬁliL “ o )
EEaSEEeaaaE o - AEERERd e A
R T 1] ST
NN RN : 5 T I T I - ; - QOO B T Y
1 I A R T I N @
I ] T l ! T ] T — \”T e
ENEENE i _ , ;
I N
| i ﬁi,T i !
L LT TR I
TTE cH A 2
.TWL._ T Y S B 1 | e
R
.._J,ﬂ.r i —f- |-l
T oM T J
e s TR I2
LIW , L2 T o
JuEREEN o EL0 M
D e
T._lm st o oo e -
%TT% board =
| [ .Y A f = =
, Py T 5 I Pt
| I |IT1. [ il ERENENE RERN i =
v S der t H!Llﬁ o ,_ A R e 1 A A
Sasl Rl ) S L o .
-1 M S = el J_Wk T T [ I NENN _Fq
THﬁH- Nl S 1 - i
—- & 4 H et % IR RN - * I T T i .
W N o Ty S i Hg
n A T R L I =
o W o TN " O I I EENN L - et
o B AP R U L N
&y = - e S T H AT
W N i T | ._f_ i ﬁ T 1 T i
R ﬂjm_ AR T - “ﬁ I R T e o N
s E T e e T s
q m i Al N = I I\LT 1 Tt f Tt T ; ™
Moo= T LY I SR~ S A I N P ST [T
(— A WY = 0 ! I ! .
m - 1 | A [
o = I ! i T [ ! I ] T !
—t =T | LL Ly TS ' T I |
VT _. i I-ING Iy yul 1 I
" T = T -~ o lLHra% R I T e =
bl TN | LR I 1 R R
= , Ty TN AN , T e e ] o !
Filines | = s SIS [ i
| ! | . . - I
N - y — |—|r
= =y B, v B N O E O i
] ! TV IN [ A —l ] % I n
R v , # i ] i h [ 1y Pl
oy
M | N A1) [ ! Wl L] ] <
T TN hYEE 4 RN = | 0 ! | =
1 Y T Py L —
7 1 N 'y I 117 ot L |
I - ! 1 i = Al | T i
i | | P o H |
! W ! e s T L HH N T
[ -1 . i I ! || B |
il : , ,
s B i i | e i i e, mi VA Y
=) ) =) =) o =) . S
=3 S S = S =1 3 e
[ oo i - W (] <0
oy [ ] [0 [y | L -

Time, t, umsec

Figure 9.- Isobaric combustion temperature variation with time for p = 1.0 atm, ¢ = 1.0, and Xn= 1074,

33



34

oy

e

il S

TAirE

= 1500 K

urye ‘d ¢

amssoaad o161y

, pBeC

T

Induction time,

tial temperatures

ini

ly of

i

for a fam

ic pressure
1.0 and Xo=0.

th stat

¢

ion wi

f

ime vari

Figure 10, - Induction-t

for



JIETLIT

i

i

ikt

T

il

|
1

I
LT

I ED G |

ikl

[RRANRHIETY

{il

AT

wye ‘d “sanssaxd o1ye1g

ot HSEC

ime, 7

t

101

Induct

ic pressure for a family of equ

1200 K

05

i

ivalence rat

ith stat

jon w

ime variat
for T

~ti

on

- Inducti

Figure 11

=0

and XO

35



713 03

il

L

b

i

TR
i

i

T T T

i
i

EJJ

T

[

il

i
it

IT

TH

12321

H M‘r:
Tu

4,
I

LR P

o
f

AN Rk i -
|

i

[
H

]

B3R

il

EHi T ERE

wje ‘d ‘aanssaxd o1IRIg

1071

ial mole fractions of atomic oxygen

0

1
it

in

ily of i

Ty biSeC

for a fam

Induction time,
for T{=1200 K and ¢ =1.0.

ic pressure

0

1
th stat

1

ion w

ime variat

t

10n-

Figure 12.- Induct



10-4 — T

-9
T
T
e ]
Ty
T
T
1
T
t
£

2 : : :
. - 1 11
L 1 k) T T}
u 1T T T k|
[ 1 ,""' _ /| -
1075 . uiE e BERR
b 8 HHT Cl r— \ ;
s : = : R H O g2 ’
5 LB et : i N BSEHT T ESE EE e HOp
& i : o LTES
@ - tH T H
[ === R T EE] = RiER]E
2] Ly 3 H :
@ = A EEY EERIIH g L i
‘5 1777 L H202
2 ifRaRAet IR S5 jjiiERaE) X
& T LT | T 1M ,.0, [
8 i Eatias i o
L _ 1
6 S T -
= g :{F‘H,
g £ i aHiiesee e
e | HO e s
s : 2 =1 i
2 e A Inductionyin o T
3 B i AEIAET A time, T ;
£ B : FHEEEHE " ,
: ilishis /] i |
1 nalil !
10 2 4 6 8 2 4 6 8 2 4 6 8
1 10 : . 102 . 103

Time, t, gsec
(a) Mass fraction, 10-7 to 10-4,

Figure 13.- Time variation of species mass fraction for Ty = 1100 K, p= 1.0 atm,
¢ =1.0, and Xnp=0,

37



Equilibrium

value:

T

‘A ‘uomyoety sgew sotoadg

T T
W _ ! i Sman :
a 1 4 +
n : d q=
| T
EH o B2 H O Ly
= [ js =}
H'Z I
e M : Hnd
H 1 !
& T
HH = o E = g
i H . & ] o £
+ SR =
1F [ &) ’HHHHO =
7 . S @ e
: s < SHHE =
HH = A EE Bh
1 L — +
- ]
=
s » i
A8 ; __
L
T a.
i f : “
11 1
I Bwm ;
: ;
o t
T I
) |
u i
: e : ]
T 1 1
T
Il
i
i
T
sEEESE==in
SRR e e S e e e e N An R E il AR aRE R BRSO AAREE R
sl I I
7
! .
W ]
: 1
- T
isa I
i
[ —
—
T _ i T T = it
] | i 1 : it
I ] [ I : L
[s ] ] [0 ] [en] ©r M
—
— s «l 4_0
-t o —
b
1

108

10

10

Time, i, psec

(b) Mass fraction, 10-4 to 1.

Figure 13.- Concluded.

38



e
SE IR A R e T
b HH : = - H T ;
H ! , = i I .___ ._ . : T ||, ihia i I
N sl pa I T T + T ! i ) T T
| b [ | i n Ty 113 1] - || 1] i : 1] ||
g O 2 i ] - et 1 ! ARER ML zwwlTnl_\n L=]
B e == t e : EE= R © (3
S s : = H e _ =i = 2 g
It i HE o } HH T 9 o
: , Q : _ e 3 -+
= R = N T EANES T 1 - i = B
H . i T , e S
= SR T Sitme oo i = ; = S h e
FEE t : T = R > = e &
e M b oy SR i =
PR T T “ o HEH =i :
HHHI.%LT Ll T Q ” APIM “. m. i i “_ ﬁ .“ ' .."1 i L 7
i T ; R e :
e WH E . ] HI TR . L
[T TN N oiE AR T o
- ) Ll "l
T O, i T —
T - -
B AR 11
o
; HM ’ a
7 (1 T 1] T , ]
i % EEEL i S , e H oo
B = l- t m t S ==
R R i = Ea! : H— i e
&8 SItEESSLiEE - i == i
e B et == ; it ; B
" T | T T : 1 ' T | I T 3 i T
umuu_ of - T —HH o L1 f 1 f t T .
L] T : T T ; 1 1 1
B O assscs mEE N == 255
m:nu T A + : : =i FEH et
t S Hiaa sl T - A mmiinairann =
T o I : 8 : ¥ ,
e I e \TAE] ESEHm ! MRS iR S i = g
H e ! : = 1 i +
T T H Il . 1T L
I 1 I |EEEE NN i bin T
RARE TiTiIREan : , - A T ; H L -
[TT] T ¥ T ] T T T ] AT 1
L O HEHTE ; _ N ) o _ 1R TAN NN N DOV ENOY -
N o5 I T I T T TR O
e P T T e T R
MU IEiRRiiin. ATIES “ i - S -
R e i i - -
: n :
i N AT ' T H T HHH ]
N I AL A i 1 T T 1
T T 1 il it 1n ! w
P 58 SEIE= T EEEE =St ==
e SRS L - —=
jnaE Nl imy {7 ¥ T T T T — 1
EEETRus dhe il R O AR EC R e AR
1 : = T : A =
BENEE T T ik i T T T 1 1
; : o ] +HHTH T t :
FhH - | (M , T T
BENS D R LESHE SRS e
E: i eSS TeesEttts & N B = EREREE RSl sInE e
£t e R , i
S : { Fo e N N HE =S
HHH R HANTH] A R X 1 i T HEAH H
e A N s S5
A i | | L —1 1 z
T -u.,ﬂ T : ] T 7] -
T | i
atiiant i 4S8 s 4SS i, et R R LR I ot s eonqRe
T [ AN A ! T n + ? i i
W T e ] i i 0
T LY T T
T S Y A R :
T : ] T i | i A 7 - @
+ = = T o t I i = E——
: - : = = s T = =
HEEEE T E , NEEEEEE & SR _ L
T T : B =t
HHH % LANMN RE N IV R AR i 1 T TR
T Y N ol i Ny I 7 3T 1T T
v T i T (4 Iﬁ 1 I 4 : N N
= = HIZisEEE H =
SR En eSS Bt
T AN 1 e R 1 ive s o
T T i LA B Wuvl sz t ._.t .
] ik ik ; i T —
T T T -
T - - } ; H
[EA I +w 1 I [l
I i ; T
iy ] I [1 T 9
: [T il ] : AL o
o © ~t [~] <] & wo - e . —
< n © 5
1 1 [}
o =]
= a = =
1

‘A fuonoery ssew ssroedg

Time, t, p sec

(a) Mass fraction, 107 to 1074,

Figure 14.- Time variation of species mass fraction for Ty =1100K, p=10atm, ¢ =1.0, and Xg= 10-4,

(X3
e



Equilibrium

10°

value:

Jw fuopjoray gsel §a105dg

T _ T : T
. : 4
} T ik - o
T 1 T i ]
B | | [ 17 1
H-H z 5 samzzE: = ©
HH 2 EHIE Yol cioge e .
m”” H T H b O H o T ] F]J I|II.I|J n‘lll
. TEIIY <
; : R
H ﬁ - = FHit
i , : FF _ P 1
! HH — T 2
! : ._ o
; HATT T .
HH T o) - : T m = H
b i : I H =
HH T G % T o3 T I ]
H i 83 o = P H
N LANI I i S ] o1
1 | (1] : ! Al ] i | ] =}
BE e e ol =
HER ey o e i s ®
§ [l \\ W | [ \“x [N ﬂ“ ol
i ., 1 Erik g
= T 1 s 1= Lt =)
HS i saEEsams A S o
\\\\\ == : ] ~ =
= > ; = @
; gt : £ . e e AT 5 - w
| . T w i i T - mrm = = b
: I HE “ : 1 : EE 5 i== u-...
it T T THH e +
= == SEmES =] e e ]
= = T i I T T i i b
=s ” Ao @
H N A i o~ m
= St &
] o
i AN Il
I
T IRE LT
T I 1
T i : [ | if: [
s - 3 - S s ] —
T n i T
T In T L [s o]
; R T i i i
i WH R} W1 AA T IR -
- b 2 A LN ©
EESi o o
i3 i ! <t
] H 5 ; i —
1 I T : HHHTTE -
B : = i ! : ] =
E i T HH s =
B _ T : i -
i , Sifjiceeamn e iR g
- t + T I :
T 11K ) T T
- | H ; T - ! B T
H] , i iy et AN a4 _
| ! | ! i H
_ I RNE TR PN 1 Huat 1RN B j _ —
< ] 3] ) ca
] []
— —_

(b) Mass fraction, 10-4 to 1,
Figure 14.- Concluded.

40



m-

=

bl

1
==}

Mae i Ay
1
T
1z
b
™)
a3

Species mass fraction, Y,

t
=

1 [TTH
Q

et
T
o+
Loae
g
]
-
-

[
——

Time, t, psec
(a) Mass fraction, 10-7 to 10-4.

Figure 15,- Time variation of species mass fraction for Ty = 1200 K, p = 1.0 atm,
¢ =10, and Xn=0.

41



Equilibrium
value

Tl

THTT

i
Og
OH
i
H

H=20

I
HITT

™
S 0 8

I e

O2

OH -
Q
Hy |55

Induction

T

TTTTT
I Y O
THERT

HOy

T

X

L 1LY

I

1T
I

[ IHAN

i
=]
—

1z ‘ueTovdy SSEW Sa109dg

1072

10°

102

10

Time, t, pLsec

(b} Mass fraction, 10-4 to 1.

Figure 15, - Concluded.

42



o~
T — T o P <RSI R S
i & e ] : @
mm” juu] . W w
: -t e T
I 11Tl i BN 71
| : st B MRS A 2y
L et ] \i.:n
o e e e S e ey ==
= 52 1S =
: E o el
i : ¥= i g g ieh
= - HH— oo a8 o
EEE , 55
T
TTE] [l — T B
] = IRy
T Alinnan
I =] i _ n =]
b RREN EwN 11T 1 I -
- H i - : ey I H f=a]
HTHS : : H
; i T i
i T T i . i ©
HH O ¢ : - tHl
et - : M =
H+ b I e T H
= Sufeinmy = L
==peNes : T =
B A e : ==
- o o
- ;
: 5 ,
g i X
T L
- ! ! i HIN i
LT 02 ; o LY i | ; ; —
N aria
] H_ = < : _ ; T Hw
" TN “ aRRN .
s ER o
7 = F mm
N S -
(i b
H - I 1 U I EE N M
- o
s : : ;
} : ry T i I
T g . i
ey L .
n :
- NG I : —
| oy | T H [T )
f H ) < &
i ~3 -
HHHHHH o — ==
Al |B | ! I .r
T T I : T n 53 . w
=2 =
= =
T : _
e —— H in = -
]
1 I -
1 - I
- i H HT ”
_ . T T o
- ; ; N I LT _0
< oo w < [ v oo W - ] nw = o ~t [ a_‘ ~—
1 1
a = = =

3
‘4 ‘uoroesy ssew satosdy

Time, t, | sec

(2) Mass fraction, 10-7 to 10-4.

1.0, and Xg= 10-4.

Figure 16, - Time variation of species mass fraction for Ty =1200K, p= 1.0 atm, ¢



108

value:;

Equilibrium

102

Time, t, pusec

10
Figure 16.- Concluded.

(b) Mass fraction, 10-4 to 1.

R T R PP e T IOy
Bt foes il ot et a2 B 3L 1 SRBR B 11} g ssm s SRR RSt SRR iEEs i
1 T 1 1 T T 1y T T
H T T T T T ] |RE | [y 1 T I
T 1] T T BN ] B IR 1 - L1 il |
T § | T T i ] T . I |
£ RO =H I TESS B a0 B =
= 3] 0 O3 T B =
: £ T _ =
- I O -
3 = t m
t & ianm
T T
t T T : —
o _ v Eunate : ; T Hh =
& ™ calm f HEHHEHH g i RESRS L ==
L i ! : -
iz = 1O O : o e Hemi i
i + L | ¥ il 1 | | 11
(Rl Al : T .
! | ﬁ Fi : [1: A 1]
! [ i
razea ra
;
: T
; I
T -
T | il [ T
% = ¥ ; B N
e . : o]
i u - H - st =1
~H X I I - T 1 - : et
b t ; IR - + - o -
L ¥ i t t I I b Tl =
i i I R LT i ! ! i c T -
i , =k e i T e T i 1g %O
- == C = E=
= + o nﬁ b - ....U. LS o
o5 = i s O e
4 e g i Seei= ..nUu 4=
mas Wi# = = £H =
& T oS s oS 5 5
il M i
; y u e 1 i —— - _ _
} e
T - N AL = - ™ o] 1
= T I . - - [
ol [T | T | - s
: : “ i H - - ;
1ot I . T g T f 1 3 =~ I : s
1 7 ! ! i T i ~ T I
v T T T 1 H [ 1 — WL T [ KL HEN
T ! T ' T 1K T+ T T
f t = =
L i - T —— T T —
e : === 1
T —TTT = T I P joll rmd ™1
: T i
H i I T
o ¥ | - 1) i
i 1} i i i T
: : (519 188 [N
L T T T J||W| I = —— m
\\\\\ = ; = —
= o § il P i co
o T
i
! I ; ) e i ; 1
-0 i - L a1 3 T T -
il T T T {Rl i
[ I i T T H
n HA 1) !
[l L : [l I i L PR T I ]
] - I [ 1 KN H ITEEI R
I 115 M il (IR NI LII7T NiNEIREN|
o1 ‘I_. o) =] -H . [ M e w b [ ]
]
= [=]
- v

t X ‘uorjoeay ssBW gatoads

44



1.0 atm.

45

p

1500 K,

8 102

= 0,

, 107 to 1074,

101

Time, t, psec

and Xo

H

0

=1

8 10
(a) Mass fraet

: 1 T
,, i
T T It
t -
T
e : W PHEFHH:
T - T , rr T , ; ===
HH AR I —H: —
T T HH i T
e EE= Siniiasiiame=t] EREElEECET e =
E - : S
o= 7
i -
M | il
] | B i
! ; T P
{ [ I |
[ 1A T
i |
T
i I A i T 1
Ty il T T ]
i IH] i T
Ik AR {C
= T
ST e
- A -
: 117
4= oy P e o ——
e i g TR
il : S~
L=
i il ER R A H.w. [Pl e
S 28
v 1 1
h ] ”tI
1 AR R o i
- -+ ” 4 —
l, 1 ,l.l 11
4 i) ) h -
E= u\..ﬂ 3 =
S T Al =
._\H.U T MW_,.MHw }
T 1
=
n
S
A =
| 0T

t1 ‘gorjaray ssewm sarosdy

Figure 17.- Time variation of species mass fraction for T



Equilibrium

10

value:

1x fuoporay ssew sa1dadg

H o HHHH I A T 1
= ni] T . TP T ! T
1 T 1 T - il i i Il 1 [l I L
T T } T H . | ] T T
! t i H - T T : i
T 1 . 1 i = 1 L f -1
Bf b H &3 i FH O 1 sa 55 SETSE ;
FE 3 EERES Q0o BEEE —F o A IEEESES
Bt ; an SRR T E
T T : 3
H- : o . T Tt I i FR AT £ N T T T
T T T Tl Il I T 111 [
u T ! EEETMN NI I I I T T
T Ty T : T T T
a N L+ N 1 _ 1 T T T
s m o1 & WL Y-S ] N
i HH ] o O Ol= G
H FTHE BsEm T I 1 =
Iyl T -
W H @
11 1 T
- 5, = == o - - s
i i T : = :
I - ,, T I -
= = i & T |W. frod [ e i
- i ra O A =
i SRR 3 = FEH
= g gRs==s
EEsii _ 7 ==
1] ¥rit “ ] = ..m_v -
H T . : = i HH 1 2w
2 R o : Bt L g5
h H - T b=
i = 1t = . i L i=praip®
il | 117 4 1 1 T T
: p =8 e i =}
M : T e = =
unl : = o
- - @
g i i
s i il 11 K|
T T T i 5 o
i == ; T = e = s —— =
T & B A :

- H : - s D + b
EEs, k | iR s EEEEIE IS ERER SN GEE e = f ===
1 A I 1 i | T T kW ! 11 : i H
i T 1] i it A I T i1 T 1 t

B : EEESE ¥ ; = e
;
= = ” AR =
H i - H (]
! e
D T T . i SNNNNN|
I ] ] I | ;
A i : i Skl Raaat
| il ! Ll . |
WD b BRR T I , _ ul vl LI : -
-H =] ] w  w e =]
— &q <
! 1
- =} =] [
— — i

Time, t, iLsec

(b) Mass fraction, 10~4 to 1.

Figure 17.- Concluded.

46



10-4,

102

¢ =1.0, and Xp

10

{a) Mass fraction, 10-7 to 104,

3t Elses skma it = T
i u
i i T
o i f T
0 I . N1 I
B IR = i £ E=SF =
H I Il n H
m o I 1A AW A £ RSN G 8 P o i el 8 B o 220 a!
-
T HHH t
Ir 0T (|
- T i Y
i 1 T
B ! = f =
|22 : : A H Si=
T SRR
— T 1 T i
T FH S T 1 B
R e | i T
I NN T | T Il m
T EERE P bl T ©
o T ot ; T T al L
-+ o1 0D
_. Q =
St ieeaar S 3 &
SHEEHHHHHHN . m t £
et o, . i i i T - T vﬂ__._.._v
[ ! i i 18 L
I St T — 0 :
t —
B : —HH ———EE = —-H .
T - T
= ] 18 Run I I I N, | !
i i T i i : 1 T
E mE 3 ] T F b
B : = —
n| T I .
1 1 iT
) i i I B INAN]
THEREN Fa- : t
T O RN 3 T i
Il N T 1 T i
TINAN ke b . .
& i T ]
= = = -
T 1 1 T : H
TR H aan, ' !
T ol : AN A T I [ T
b QB : = S
R N o
PN N il : =
o T -
] T = = s T : 7
] | I b I +
T i i
SEEE
F P
T
i | H i £ : m
¥ f u I - T
T T : 1 (0 k) 1
HHH ] AN f | t T
I i N T i 1 Hux,v o 0
: Fi M N ' L
I 1 | Hl I YN
I T il I
= | 1] N T i o -
=5 i, i = =
! X
¥ H } T T
5 ¥ ;
- L I = T
1 m Il HHUH. 1] m L I X m
EHEH SERS L 5 :
= o = = === =
i g FRNT
: REANEN  INIE] N TS
” JEE _
, | i ik i
uuL,.v N ] 1 HRi [
[ H - i ! :
[Tl ; I I AR I
o W b ] @ = = ) =
T 5 i
1 [
= L]
= = =
1

‘X ‘uoijoea] ssew garoadg

Figure 18.- Time variation of species mass fraction for T =1500 K, p= 1.0 atm,



103

+

Equilibrium
value

a W A + TM =T LICTTTTTTY T.L ” 1 T T T T " “a T T T g —
L T = o
m T a
i RN i T i EE o
&= gEss=it = eaim £ O o~ =G £ =—
EH = SO O i pnm =]
HH , - - T T —t
: = i “ =
| T I H H——
| | T
! | 7
=] sEs===m=
: SSSs: SS==
i [ ! H ca
H11H - 5 T
- 11 H L | T
H+H ; -
. N T r“r ] { | |
[ 1T . 1T I : L] ea
! L =]
- o ™ L]
3 : s b -
d - =] H
g I et ,_ (2] @ . @
=a == : =, = o e
S e e e Q O=Fr EQCEET =1 1 T == w _4_.. o]
P ; i m m Fa = : % o m
: : - T = < [ S — [
I - 1 T 4 T 1T 12 T n
T T - I EREIE i o - o
i W I ! ! T e T . o o
= £ , 7 e =i g g U
H— = x = T s} m =]
E—— o = A= : v i
ol | 12 Lisiy I H] c .
. = -+ : ”T o B3 o
-] am ya I 1 A [ —
pt i T v i .1.||n,m- - aE -t o
] 7 b 1 i i Iy
AN I — T = e 1 0
; , ITREEN 7 i I g O g5 1 )
T AT T | Lt F [ N .8 = 1 7] =
T [ : = 1 T il e ” =t 2] &0
X ; i t I : m fih g o M -
I | 1| T T T 1
t . : 1 T [ ! il i m © o
i Tt = ST i i 2 o o 1 .5 2 _
=Ll s iy T I I 4 6 1 ik L .._.mW
L 1P H - mAM b i i NN T
== FE: el Ll LU e I e e e = e e 0
22 & == ST 7 fEom B, - :
S SEE HSpER a3y ARER e
i 1 m = AL ,
= B e
: -+ ==Sbaaes
: EE=SS o B == I
! h el
T y—— HH—H ; imE
“, HH . Gls s
- - SR UWRN B
il aiaks M
' I ! ; ' I
1] 7 AISEN I ] L1 IRIE
o — o0 WO - [} [ I+ - T~ -+
1 1
L [=] =]
— —

T
‘X fuorjoeay ssew sorvadg

48



CHE

iR

HE

1

]

e

i

T

T
"

49

i ect

f Hy0, HOy,

p=2.,0atm, and ¢ = 1.0,

Induction
time, T

)

100 O

Time, t. nsec

ation of the mass fract

1100 K,

ime varil

T

HgOg for T4

T3 “nponaes] seem satowds

Figure 19,



]

!
1
i

|
T
i

!
I
T T

1

T

il

17
H1
LT

[l
I
1]

l it

L
A "unli9e1] SSEUm sarazdg

108

Y
2

LTI
2

10

Time, t, usec

Time variation of the mass fraction of HyO, HOo,

Figure 20.-

and ¢ = 1.0,

and HpO for Tq= 1100 K, p =4.0 atm,

50



considered in
the prediction

Formation of HO

0

it

i_:hg prediction

mn

urge “d ‘smssaad oneg

usec

Induction time, Ty

ing and not considering hydroperoxyl

der
= 1,0,

consi

ic pressure,

tion with stati
for Tl

i

ion time var

igure 21,- Induct

F

1200 K and ¢

51



o
117 “3JWL] UGLIONPUL Ul upL1onpad

anLye|8y

1074

G HREE = ifi SEEEFES
THEHE 1 T ! REESSSEEEEE:
it i eETe e e : e sEERane S A
St hias en i an: ERESE 1H i35t i ERESGE W
i i rEmalli i ! SESES
+ ) - ]
| ;
a W
am hm o ]
! 1 : =
T ' NI :
J0 i T
T 11 w_.
£ ] =
= : o
S iEEEE
: LT 1 ¥
=t +
f A T
i g1}, i Nl
i = 1 NEEEY
I (0 Ene R i e
, ; ; ;
‘ t ——— o]
: % § i i = -
Y = =
a2 15 458 BES E = =l o
: ! T e T
B B i iS5 o X =
HE X s eEmas H
4 L ._”.‘\ -] J\T AN ¥ L ¥ T T 10T
i1 M T ¥ (N THTTT TIT I Y Y §
: s , e Hw
HETE e _ _ e
: L e =i
T : x ! T
= = ; :
i 1 S e i : =
il 0T 0 0 T I k YH| J T i W .
g : SO HHg oy e et ke
: el = ol | xx e ; = et
« £
e 11 AR & N S =
s55 s =hE o 3 = =
= i © IR = 2 =
T = R T AW HHR =
: - i it — == o
it T ow E 3 W B i " ]
S i R . — X : }
b e B RS :
—HrY o -
..... HTY CxaRa;
- WL | * i i1 A
7 T : i T
11} [l | T 11
il T L] [N R T 1! w©
[ H aH } T L ]
L H o AR AN T :
o
<t 1
- S
—{

X

1

Mole fraction

Figure 22.- Relative reduction in induction time as a function of mole fraction of atomic

0.5atm and ¢ =1.0.

atomic hydrogen, and hydroxyl for p

oxygen,

b2



£s

Relative reduction in induetion Hme, AT/Tq

w0l B

10

-2

s

1077

Figure 23.- Relative

8 [
10 10-5 1074 . 10
Muole fraction, X

reduction in induction time as a function of mole fraction of atomic oxygen, atomic
hydrogen, and hydroxyl for p= 1,0 atm and ¢ = 1.0,



T ©
=\ 2 £
i xlllHu_ - m
EEZES e ot
rH tH EEE, n.nuu.
T 0w n
SEESEE= ST | =]
= o
ot
=== L4}
£8 [}
]
= 2EEEEC W R
== L e
i aigTe==s ; =
Hi = t
AL Emm=s g
W = Jl”\ om
M f|” e _ﬁ ‘IL\\ o
: o : « “m
o= H
! SSe=EE== 3]
B eessEEaRS i isams =
ESE i YAl
1 T B m o
ian leL.,ﬂ ] e E u
_ i ,_ - - .m o«
TN IiN RN H _0 o 4]
[VRE Eeeee EESEEAS! - m
T EEEiEEE=EEEEE ~ b
=3 P HRe 2
< = e e E
ﬂ m i - o A W M -
“ f : e =
o 1 » i Hiig1R5a 2 ESEC PO 2
= — ==g=== feScSsEses .“Huu
B T H ESSESES: sE= b
e £ = g =
SR R o i =3 ﬁ, E = - B
S : HELE SeacesEec=s o
e e et ey g x - = Q
B b < ; t o ot
AT < - TN am= ..m
Ea — = S
SSRaE SE] T H B
EEEIEuCN o mER e B
BL“HIJHM — :im-f LHHHJIHi_.N, ﬂuﬁ ”_ e - £
S=ncha X [EepsEREE X ! Es2 « @
ERSE i ! SrESSiis s Ee=SEoes ..wm
: N s o
du. t T T —
; =y Donu
1 ,, [}
T e w
- + NN} ! 1
i [ . *
SRR 2=l ? ]
ST i i -
o
5~ 8
i =] @
i
=~

0./19 ‘a1 UOLIONPUL UL UDLIONPRJ BALIR(SY

1.0.

20atm and ¢ =

atomic hydrogen, and hydroxyl for p

oxygen,

54



fhigsits HERE R v
t HH == -
SEEsEammna ﬁ”H‘nHuuu i A
= T - e e
R R AT \rTL e R
B AEEH IS Lran TS i R AR TEE
el . HE e
T 1 WI.Euw\uqﬂ T d_r\» iH i 1_..,..%,41.!
j NNt m
5 e T

HEIEE :
] I e
B I_ntr\_nrw :
i ] o 3 e
=3 H o I
S 12 e
ingh o Hl% _,|u4+;_.h_ :
L il » ) L_.H.lw\.lr_‘u_
L] 1 ™ __ﬁ I
L] K R
t P FREEES i

S rH B
=i

g
o

ESREEEanETaRis!

-1 B

k! =
—

o ‘ .
1/1v *8l13 w013DApUL UL UGLIINPAJ

ak11e|ay

5 ;T_

1078

Mole fraction, X,

b

Figure 25.- Relative reduction in induction time as a function of mole fraction of atomic

4.0 atm and ¢ = 1.0,

oxygen, atomic hydrogen, and hydroxyl for p

55



LU T

Lt

[

L1

91/19 feuya

ucTIITPUT UT

TUOTIINPDI 2ATIET oY

atm

P

Pressure,

ith pressure

ime w

induction t

ion in

relative reduct

- Variation of

Figure 26

=1.0.

= 1200 K and ¢

for T4

56



1 vt

T HE

e

O1/1y ‘omyg

w = - =7
@ .nHHw,H. rr,ww RN auE
1 T =
g Sl e
+ A |
i L e
m e
R I N A o
= =
T R i S a1 s S R
rrﬁ! 1 : = - I =
RS e s
P uﬂunuuuHN_FsHH
. } :
HE o
ks aan -
; sl IOy A
51111. Mot LI
SIAnL) =
1l I I T T
i ) :
T 1] I
1] TR [N :
Hil T 11 NN
(8] —~
|
fa]
—

UOTIINPUT UT UOTIONPSL 2ATIBTIY

107

Equivalence ratio, ¢

Variation of relativé reduction in induction time with

Figure 27

iofor Ty{=1200 K and p = 4.0 atm.

equivalence rat

57



R )

]
]
[

T

T
S0 e} o e

qazt

il

il
il

il
L

L

Al

]

[

HHH
roir

| -

_D.._-\Pﬂ amﬂuﬂu UoT3INpuT

1
10

10

UT UOTIoNpal sATIRTIY

Equivalence ratio, ¢

28.- Variation of relative reduction in induction time with

Figure

1200 K and p-= 1.0 atm.

equivalence ratio for Ty

58



f2WT3 UOTIONPUT UT UOTIINPIL

K

Ty,

Initial temperature,

Variation of relative reduction in induction time

Figure 29

Oatm and ¢ = 1.0,

.

=1

with initial temperature for p

59



09

]

Relative reduction in induction time , at/t

3 4 & 8 _ 2 4 B
1078 10

Effective mole (raclion, Xe

Figure 30, - Relative reduction in induction time as a function of effective mole fraction computed by
empirical relationships for p = 1.0 atm and ¢ = 1.0,



SESSSESCESSSSSsSeIsssS=cooo = B ==ES==
Eimrmramiescseseemmeomomnoeommcass : ,
=t — ! == e e e e ————
R S oocoeess ! :
EE T —H =g EEEEmme
e e
SEEERESE! e e e SR AR SR aEEa s ! :
- : S SENEEERNrESSEEesiemETamsE 1
_ siassasssssassme==m fEfsissamecaan: =: ==
: HH ! ! e t
+ S O B : = ; R R R e o o e -
P i : T T T I 1
I e asiieaans BEsSm=:iiizs EERE ]
B = - . v ]
ﬁ_, ,A,_Lifmw ? W T “,_ e T ,“ i Jﬂ -
b e e e
1 1 I il ] 1 I 1 1 | i M T 1
T T 1 T 11 1 1] I AT ]
; T I 1 O S B S N NN RSN NN E S SN Y I ]
iR e e Ea R s M MBI
T f RasEauEwR T B S TR AR RSN RA N 0 I
e e e e s RS .
] _ T - ” = ,ﬁ H R
RAATAN , Mt -
R R
T T 17T A SN AN AR A
R EssEeamtiiiiitete e cdie i EacEemnEnnas
P T WS ) AN AN AN P2 A ; 1
I I | | | AR EN AR T LA T ] T T ]

UHIBnNIn | _ | I RS M , T 1 w

e e e P e e T
T T s HEHH R A i %W o4 T : -

R P s e 15 4§ ArA AR BN R ACNREEAEE: ]

T T T - T~ 1 g i S et v P s
T e e
A e e e=sm—m==s
ST T T T 1 T ' I -

DI I T T Y] Il T T N 1
T T : NN ~ A ] I I 1
MBI T ] ] NERSNAEAN H t t
REIIIE :_,:_ﬁp‘+ T » . Tz Bt t i ;

. H T ] T4 11 - . f ]

HH T LA T B ==

TR il T nl 7 ZARnn gy e NRATN AR 1 im ] ]

1 v i : s ! I ! L
e P e e e e
R e e e e e

: ! e || ] | ] | { | . . i 1

e R R e e P e
T | . , ITIRERANAN I ]
““““ H*v.L.r. i , A : ” 0 L NN A AN %I

T ; % +‘1 T 1T , n| AL 1

s T e _ 11 ! 1 EENER ]
NI P ] T ; wx:jf.T NEANNEL AEEE
LT ” | LTt 4411 _ : INEEN
R T T T T T T T T ! THRAENIAN T N
e e B
DU et T T d b I T SIHIIIRE !

A% S R AR AR Y IR ARARNND WMRANWRE N 110NN N SRR ANNESR RAR AN T
o o o =] =) =) o =) o =]
o @ =53] - =] L <t o [N —
—

oast fL famTq UoTIORDUT

1600 17001800 19602000

1500

1400

1300
Initial temperature,

1200

1100

T, K

1.0 using the kyq

Comparison of induction time for p=1.0atm and ¢ =

Figure 31.-

0 and 10 ‘4,

and kjga and Xg

61



5.6 x 107

aes7] ‘%1 ‘own uonoedd

11T 11 “ _W 1] _ T . A“ _, __: “ “
iy il T 1 fiim UAR] R FORA
I ] i ,: I 0
] i i
] m A_' T
i JT\T ! ; ! il il T
T TR IRl [t -
{ 1 1]
LT NNRAEN 1 ]
T NIRRT ¥
1H1 1
1 7]
Hn | 1l 1]
I ST - H
1 T T
EaEN i
] 1§ |
T T
ey 11 8 i ! -
HE T I .
, it o
ERHIL T il I
I T NENE i #, T
= 1
_ 1 i i v Y ]
It RS i ©
i 1 ]
! ! T B (Lt =
i Pl L EEg
IR DA =1 + 1 ] ]
T o PR :
W b
[ T
S g i 2
,
“ L = T u 1 -
L | T |
| I 1
i i i _ T I 11 T
j 1 RN 7
: n ! LT T
Name il TR [
i i il T anl =
j [q1 i | | ¥)
insuiil _ o il T b
it , ; i bEaaS
o i T HHHH-
| - |
| il | THTHH
i l.+ HH i T JL
T L i I : il " o
L ER < 1 me
| T I _ i
il
| [ 7 i |
it ! 4||+4H,_H1 il F.
il 1] N 1
N T T T
T T , "
sl T i it il j e
(2o =] (2] 2] - h
=) L]
-~

Reciprocal of mean temperature, 1/Tm, =1

Figure 32.- Reaction time as a function of the reciprocal of mean temperature along

isobars for ¢ = 1.0 and Xg =0 and 10-4,

62



—
[=]
i
I
L]
|

s EEESSSSS=SSos8 = ESESesesSastas =
e e o e SsESmScast EEEE e
4 EEEESEEE : E
=3 S=ss SSEssenses . £
=y ) — 1 I I - =
0.5 e =
= - - = at |
9 = == TEE e HEgEass
25 SEREsEEEeE
| T
02 P sl P snsaRREnunndRn AU RRNAR
sbE——=L i ﬁ?p x 1.0 ;'-_“":Ei'—'f_f‘ 7;7;;;7A:j:— — == ==
gEs=Sccs = 3m SSEEE=S ==
6 = s SEs=a=s =
: S el ‘ ;
ol == _7;3; ESpEESEEESE b Tii— E==CECE
- e caa=y QTO S SEE e e ES =

[

Reaction time, 7 ., psec

Fit]

et
o
| |
11}
1
)
|
|
I
|
I
I

1
T
|
|
|
|
I
RN
L
|
|
]
il
Jﬂj
W )
]
i
|
1l

[w=]
[
[ LALK
il
il
i
v iipp
&
J
5 e
l T
‘ 1
| I
M
1

i
1
|
|
r

T
T
III
T
|
]
il

i
|
]
I
|
1
-.‘.I——k
I
i
I

11

I

|
I A
1]

|

|

- —] o =
Y =
== = I
- I ol I
b i . EaEmns B
2 T
| I B i A

i
|
|
1
F
L 1 ||
|
|
{1

800 1000 1200 1400 1600 1800 2000 2200

Initial temperature, T, K

Figure 33,- Reaction time as a function of initial temperature along isobars
for ¢ =10 and Xg= 0 and 10-4,

NASA-Langley, 1974 Li~9576



